We report the theoretical calculation of the electronic states in a AlxGa1−xAs-based quantum well with inverse parabolic connement under the combined eects of the intense laser eld and hydrostatic pressure. Calculations are in the eective mass and parabolic band approximations and using a variational procedure and the so-called Floquet method in order to obtain the energies and wave functions for the conduction band states. We use the obtained information to investigate the intersubband-related nonlinear optical absorption and optical rectication coecients.
Introduction
Research on the optical properties in semiconductor heterostructures has been ongoing for more than two decades now [14] . The dressed atom approach was extended by Brandi et al. [5, 6] to treat the inuence of the laser eld upon a semiconductor system. On the other hand, the intense laser eld (ILF) eects on the conning potential and electron states in quantum wells (QWs) were studied by Lima et al. [7] . They discovered a laser-induced transition from single to double potential well prole in the conduction band of this kind of low-dimensional systems. We have investigated the linear and nonlinear optical properties in rectangular quantum QWs under the eect of intense laser radiation and applied electromagnetic elds [8] . In addition, some of us have calculated the electron states and related nonlinear optical responses in asymmetric inverse parabolic QWs [9] .
In this report we are presenting some results on the optical response of asymmetric inverse parabolic quantum wells in the presence of ILF and hydrostatic pressure. In Sect. 2 we give a brief outline of the theoretical model used, and in Sect. 3 the obtained results are discussed. Finally, the main conclusions of the work are stated in Sect. 4.
Outlook of the theoretical model
The system under study is a GaAs-based asymmetric single QW grown along the z-direction, with rectangular potential barriers and well region prole in the form of an inverse parabola. The conguration formed turns out to be that of a double asymmetric QW. The details of the calculation of single-particle band states within the eective mass approximation can be found in Ref. [9] . Once we identify the main energy transition (E i → E j ) in the conduction band of the system, the corresponding electric dipole moment matrix element M ij = ψ i |z|ψ j will be the only remaining quantity to evaluate. In addition, the study takes into account the inuence of the hydrostatic pressure by introducing the corresponding dependences of the electron eective mass and the dielectric constant on P : m e /m 0 = 0.0665 + 5.7076 × 10 −4 P . The dimensions of the structure change according to the expression
The dependence on the pressure of the intense laser eld parameter is given by α 0 (P ) = α 0 m e (0)/m e (P ). The connement potential in absence of laser eects is V = V 0 for |x| > L/2 and
The evaluation of the linear and nonlinear optical absorption, as well as the nonlinear optical rectication (NOR) coecients will follow the corresponding approaches introduced in Refs.
[1012].
Results and discussion
Figures 1 and 2 show the potential prole and the electron probability densities (PDs) of the lowest two--electron conned states in an inverse parabolic QW. For illustration, the PDs are schematically positioned over the corresponding energy values. Here, α 0 = 0 and L = 20 nm. In Fig. 1a (x 0 = 0), the black line corresponds to the even state and the red one to the odd state. They essentially coincide, given that the two wells are identical and uncoupled by the separating barrier. In the case depicted in Fig. 1b , the asymmetric parabolic conguration in the potential well region has shifted to the left. In this case, both states become essentially conned within the right-hand QW. The well appearing at the right behaves, in fact, as a small perturbation.
Reducing the value of the x 0 parameter, we can observe that the rst excited state also extends and mostly connes over the left-hand QW region (Fig. 2a) . With the same conguration, the inclusion of an ILF with α 0 = 2.5 nm causes the modication of the conning potential prole in such a way that the well depths diminish and their eective widths augment (Fig. 2b) . The increase in the eective width of the right-hand QW allows for the connement of both states within it, although the left-hand QW still supports a part of the second state probability density. Figure 3 contains the calculated energies of the two lowest conned states in an inverse parabolic QW with the same geometrical conguration already discussed. In Fig. 3a , these energies are presented as functions of the parabola vertex position for zero laser eld; whereas Fig. 3b depicts the energies as functions of the ILF parameter when the shape of the inverted parabola is xed, x 0 = 2.5 nm. The dashed line at the top represents the maximum of the conning potential energy in the structure. The blue line is the corresponding evolution of the energy dierence between the two states which, ultimately, tells us about the direction in which the resonant peaks of the optical responses move. The decreasing behavior of the energies in the case of zero laser eld can be explained by observing Fig. 2a . Augmenting the value of x 0 makes the right hand QW to deepening and the two energy levels become more strongly conned. This eect is more pronounced for the ground state. For this reason, the transition energy dierence shows a growing variation.
On the other hand, the increase in the ILF parameter for a xed parabola shape leads to the rise of the QW bottom, which pushes upwards the energy position of the ground state, whilst the rst excited one descends due to the laser-induced widening of the QW. Therefore, we are observing a monotonously decreasing variation of the transition energy dierence. In Fig. 4 we are presenting the eects of the hydrostatic pressure applied over the system under study. The variations of the state energies, potential well maximum and transition energy dierence appear in Fig. 4a as functions of the pressure for the conguration in which α 0 = x 0 = 2.5 nm and L = 20 nm. In addition, the main quantities entering the Schrödinger equation appear depicted as functions of the pressure in Fig. 4b . The behaviors of these quantities help to understand the variations of the energies in Fig. 4a . A blueshift is observed with the increment of the value of the parabola vertex position, which is compatible with the behavior of the transition energy dierence shown in Fig. 3a . In the symmetric case, the NOR is zero because the dipole moment matrix element identically vanishes. On the other hand, augmenting the ILF parameter causes a redshift of the resonant peaks, consistent with the variation of the transition energy dierence in Fig. 3b . It can be readily seen that the growth of each of these two input parameters α 0 , x 0 , leads to a signicant increment in the nonlinear contribution to the optical absorption coecient for the same incident light intensity, here taken as 5 × 10 3 W/cm 2 .
Conclusions
In this work, we have studied the electron energy states and the related linear and nonlinear optical absorption and nonlinear optical rectication in an inverse parabolic quantum well under the eects of the intense laser elds and hydrostatic pressure. In general, changing the symmetry of the inverted parabola in the well region may lead to the blueshift of the corresponding resonant peaks, and the increment in the laser eld intensity causes a redshifts of these signals. The increase in these two input parameters enhances the nonlinear contribution to the optical absorption in the system under study. 
